Backcross inbred lines (BILs) derived from a cross of Nipponbare (japonica) / Kasalath (indica) // Nipponbare were used to identify quantitative trait loci (QTLs) controlling physico-chemical properties of rice grains such as amylose content (AC), alkali spreading score (ASS) and gel consistency (GC) by composite interval mapping over a period of two years. A total of 4 QTLs for AC were detected; qAC-5 and qAC-6 showed significant effects (hereafter referred to as "significant") in both years, and qAC-6 explained more than 80 % of the phenotypic variance and was located in the wx region on the short arm of chromosome 6. The other 2 QTLs for AC with small additive effects were detected and were significant only in one year. Three QTLs for ASS were identified; qASS-6a and qASS-6b were significant in both years, and qASS-6a corresponded to a major gene located in the alk region on chromosome 6, while qASS-3 on chromosome 3 was significant only in one year. Five QTLs for GC were detected and all were significant only in one year. The lock of detection of major gene(s) for GC may be due to the fact that none of the parents were differentiated in terms of GC. These results showed that AC and ASS were mainly controlled by known gene loci, i.e., wx and alk, respectively, with modification by minor genes.
Introduction
Rice grain quality is a very complicated character, mainly defined by four constituents, namely milling quality, appearance quality, cooking and eating qualities, and nutritional quality, among which the cooking and eating qualities of rice are most important in many rice production areas of the world. The traits that exert major effects on the eating and cooking qualities are related to the physico-chemical properties of rice grains, such as amylose content (AC), gelatinization temperature (expressed as alkali spreading score, ASS) and gel consistency (GC). Many genetic studies have revealed that AC is controlled by a major locus, wx, with modification by some minor genes (Sano 1984 , Kumar et al. 1987 , and that ASS is mainly controlled by the alk locus. Two different theories about the genetic basis of GC have been proposed in previous studies: one is that GC is simply controlled by a few major genes and some modifiers of minor effects (Tang and Khush 1991) , the other is that GC is a quantitative trait controlled predominantly by an additive type of gene action (Zaman et al. 1985) .
With the progress made in the development of molecular markers, some studies have been carried out to map quantitative trait loci (QTLs) for the physico-chemical properties of rice grains using molecular markers. He et al. (1999) identified a major gene and a minor gene for AC located on chromosomes 6 and 5, respectively, a minor and a major gene located on chromosome 6 for ASS, and two QTLs for GC located on chromosomes 2 and 7, respectively. Tan et al. (1999) reported that a single locus which controlled AC, ASS and GC coincided with the wx region on chromosome 6. Wu et al. (2000) identified five QTLs for AC on chromosomes 1, 7, 8, 9 and 12. Huang et al. (2000) reported that GC was mainly controlled by two linked loci located at two flanks of the RFLP marker R2170 on chromosome 3. Yan et al. (2001) found a major gene on chromosome 6 which accounted for 87.6 % of the total variation, and five QTLs for ASS located on chromosomes 2, 3, 6, 9 and 11, respectively. It is generally recognized that the physicochemical properties of the rice grains are also affected by environmental factors. Most of the mapping studies, however, were conducted in a single environment. To our knowledge, there was only one report (Bao et al. 2000) on QTL mapping for AC, ASS and GC at different sites until now. In this study, we performed QTL analyses for AC, ASS and GC using backcross inbred lines (BILs) derived from a cross between Nipponbare and Kasalath. We also compared the QTLs detected in two consecutive years in order to analyze genotype and environment interactions. 
Materials and Methods

Plant materials
The BILs (BC 1 F 9 ) were used as a mapping population which had been developed from an intersubspecific backcross, Nipponbare / Kasalath // Nipponbare, by the single seed descent method . The japonica subspecies "Nipponbare" is a Japanese cultivar with low AC, relatively low ASS and high GC; while the indica type "Kasalath" is a landrace from Assam in India with high AC, medium ASS and high GC.
Field experiment
This study was carried out of the rice experimental station of Anhui Academy of Agricultural Sciences at Hefei (latitude 32°N), China in 2000 and 2001. In 2000, the 98 BILs and their parents were sown on May 10, and transplanted on June 10 in a randomized complete block design with three replications (plots). Individual plot consisted of two rows, with 12 plants per row at a planting density of 13.2 cm × 19.8 cm. In 2001, seeds were sown on May 21 and transplanted in a randomized complete block design with two replications on June 20. Three-row plot was used; the numbers of plants per row and the planting density were the same as those in 2000. Rice grains were harvested at maturity for each of the BILs, and dried naturally in a greenhouse. The dried grain was stored at room temperature for at least three months before the evaluation of the physico-chemical properties.
In both experiments, the experimental materials were planted in the same field characterized by a moderate soil fertility. The same amount of fertilizers, namely 90 kg of N/ ha, 70 kg/ P 2 O 5 and 50 kg/ K 2 O was applied for both experiments. Weed control was performed by using chemical herbicides and by hand weeding. Insecticides and fungicides were applied to prevent damage from insects and diseases. The maximum and minimum temperatures throughout the experiment of period in 2000 were 37°C and 14.5°C, respectively, and those in 2001 were 38°C and 14°C, respectively. The climatic conditions in 2001 were more favorable to grain filling.
Evaluation of AC, ASS and GC
AC was analyzed according to the method of Perez and Juliano (1978) , ASS by the procedure of Little et al. (1958) and GC according to the report of Cagampang et al. (1973) . AC and GT were measured with three replications and GC with two replications for each sample of parents and BILs. All the measurements of the three traits were averaged over replications for further analysis.
QTL analysis
A genetic map of 245 RFLP markers was constructed, as described by Lin et al. (1998) using the computer package MAPMAKER/EXP 3.0 (Lander et al. 1987) . Composite interval mapping (Liu 1997 ) was performed using QTL Cartographer software (Basten et al. 1999) for the three traits, with a model specifying five cofactors to control the genetic background and a window size of 10 cM that blocked out a region of 5 cM on either side of the markers flanking the test site. The specific cofactors used were obtained by forwardbackward stepwise regression with Fin = 0.01 and Fout = 0.01 using the same software. A LOD threshold of 2.0 was used to confirm the presence of putative QTL in a given genomic region. The percentage of variation explained by a QTL for traits and the additive effect were also estimated by the software. Nomenclature for QTLs followed that adopted by McCouch et al. (1997) .
Correlation analysis
The average temperature after heading for each line was recorded, and correlations between the average temperature during the 30-day period after heading and the three traits were analyzed to reveal the relationship between the temperature at maturity and the physico-chemical properties of rice grains.
Results
Phenotypic variation
The mean values for the two parents and BILs in the years 2000 and 2001 are listed in Table 1 . Significant difference in AC and relatively small differences in ASS were observed between the two parents in both years, with Kasalath showing higher values of AC, and Nipponbare giving a higher value of ASS. The difference between the parents was significant in the two years for AC and ASS, but not for GC. Thus, it was difficult to conduct an analysis of major gene(s) for GC. For the BIL population, transgressive segregation was observed for ASS and GC in both years (Fig. 1) . For each trait, the distribution of the BIL population between the two years was rather similar; AC and ASS showed a bimodal distribution, with ASS skewing toward the higher values, while GC exhibited a continuous distribution.
QTL identification
A total of 12 QTLs for the three traits were detected on 6 chromosomes and were significant in at least one year, based on composite interval mapping in relation to the phenotypic performance of the BIL population in 2000 and 2001 (Table 2 and Fig. 2 ). Among the 12 QTLs detected, four QTLs for AC and ASS were significant in both years. If a QTL was significant only in one year, the LOD scores below the significant threshold level in another year were also presented in italic font in Table 2 .
Amylose content
Four QTLs for AC were significant in at least one year. The phenotypic variation explained by individual QTLs ranged from 1.45 % to 80.7 % with additive effects ranging from 0.66 % to 5.28 %. Two QTLs, qAC-5 and qAC-6, were significant in both years and other two QTLs, qAC-3 and qAC-4, were significant only in one year. The QTL, qAC-6 bordered by markers R2869 and R1962 on chromosome 6 accounted for more than 80 % of the total phenotypic variation and the peak of its LOD score covered the wx region, suggesting that qAC-6 may correspond to the wx gene. Kasalath allele at this locus increased the amylose content in the range of 4.40 %-5.28 %. The two QTLs, qAC-3 and qAC-4 were identified only in 2001 and contributed only 1.6 % and 2.35 % of the total phenotypic variation, respectively. Their positive alleles were derived from Nipponbare and Kasalath, respectively. Alkali spreading value A major gene and two QTLs were identified for ASS in two years. The major gene bordered by the G200 and C1478 markers on chromosome 6 which were significant in both years and contributed 65 %-69 % of the total variation, may locate at the same locus as the alk gene. Nipponbare allele increased the ASS value at this locus. One QTL (qASS-6b) on chromosome 6, significant in both years, accounted for 8.10 %-9.47 % of the total variation, and the positive additive effect of this locus was contributed by Kasalath. Another QTL (qASS-3) on chromosome 3, significant only in 2001, was responsible for 2.32 % of the total variation, and the positive additive effect of this locus was derived from Nipponbare.
Gel consistency
Five QTLs for GC were identified. All the QTLs were significant only in one year. The proportion of the phenotypic variation explained by individual QTLs ranged from 8.65 %-15.41 %. Two QTLs, qGC-1 and qGC-2a were significant only in 2000, with qGC-2a being responsible for more than 10 % of the total variation, and Nipponbare alleles increased GC at both loci. Three QTLs, qGC-2b, qGC-6a and qGC-6b were significant only in 2001, with qGC-6a being responsible for more than 15 % of the total variation. The positive additive effect of qGC-2b was derived from Nipponbare, while that of qGC-6a and qGC-6b from Kasalath.
Discussion
AC is the major determinant of in rice eating quality. It was reported that the amylose content in non-glutinous cultivars was mainly controlled by a single dominant gene with major effect and several modifying genes with minor effect (Mckenzie and Rutger 1983) . The two most common alleles, Wx a and Wx b , have been considered to be the factors that control the differences in AC among rice cultivars (Sano 1984) . The Wx a allele occurred mainly in indica rice and increased the AC of rice grains dramatically compared with Wx b , which was predominant in japonica rice (Sano et al. 1986) . Although the presence of the Wx in and Wx op alleles was reported, their distribution appears to be restricted in rice (Sano et al. 1991) . The expression of the Wx in gene was intermediate between that of Wx a and Wx b . Wx op controls opaque endosperms that appeared as chalky as the wx endosperms despite the presence of amylose (Heu 1986 ). Kumar et al. (1987) showed that AC in the non-waxy varieties was determined by multiple allelic series at the wx locus. Four different alleles, Wx a , Wx b , Wx in and Wx op , have been detected at the wx locus in non-glutinous rice varieties. In this study, Nipponbare was a japonica variety with a low AC and Kasalath an indica variety with a high AC. Since the major gene for AC detected here was an allele of wx, Nipponbare and Kasalath are likely to habor the Wx b and Wx a alleles at the wx locus, respectively. He et al. (1999) identified a gene marker for the wx locus that could account for 91.9 % of the total variation of the amylose content in a DH population derived from an indica by japonica cross. Tan et al. (1999) identified a gene marker for AC that coincided with the wx locus on chromosome 6 in populations derived from an indica / indica cross. In this study, a QTL (qAC-6) was identified for the wx locus in a BIL population from an indica / japonica cross. These findings indicated that the major gene at the wx locus could be consistently identified in different populations and environments by a set of molecular markers which could be readily applied for AC improvement. Besides the wx locus, some loci regulating AC were identified and mapped to chromosomes 2, 4, 5, 7, 6 and 9 (Yano et al. 1988 , Kaushik and Khush 1991 , He et al. 1999 . The qAC-5 QTL detected in this study and bordered by the markers C624 and C128 on chromosome 5 should be close to the QTL for AC in the interval of RG573-C624 on chromosome 5 identified by He et al. (1999) . The qAC-4 QTL in the interval of C1100-R1783 on chromosome 4 might be close to the locus mapped by Yano et al. (1988) , which required further studies.
The major QTL for ASS, qASS-6a, identified here was mapped between the RFLP markers G200 and C1478, and corresponded to the alk locus of rice on the high-density genetic linkage map (Harushima et al. 1998) . Umemoto et al. (2002) mapped four genes, namely OsSSIIa for starch synthase, alk for alkali disintegration of starch, gel (t) for starch gelatinisation in urea, and acl (t) for amylopectin chain length at the same locus by using the same BILs as those in this study. A major gene for ASS was also mapped at the alk locus by He et al. (1999) who used a doubled haploid population from the cross between indica and japonica varieties. Besides the major gene at the alk locus, two QTLs for ASS, i.e.qASS-6b and qASS-3, were detected in our study. It is interesting to note that a QTL for ASS, i.e., qASS-6b, was detected near the wx locus in this study. Tan et al. (1999) characterized also a gene marker for ASS at this locus. For a long time, it had not been determined whether AC affected ASS. Here it was clearly shown that AC might change ASS, although the effect may be minor. In this study, it was shown that when the Nipponbare allele at the locus was selected, AC decreased while ASS increased. When the Kasalath allele was selected, the results were opposite. The QTL, qASS-3 was a new locus that had not been characterized before. Tan et al. (1999) suggested that GC was controlled by a major gene that was located at the same locus as wx or tightly linked to the wx gene. He et al. (1999) identified two QTLs for GC on chromosomes 2 and 7, which contributed 17.6 % and 17.0 % of the total variation, respectively. We identified five QTLs for GC on chromosomes 1, 2 and 6, which were significant only in one year. It was evident, by comparing the QTL locations, that two QTLs for GC on chromosome 6 in this study, qGC-6a and qGC-6b, were different from the locus of GC reported by Tan et al. (1999) , while it remained to be determined whether qGC-2a or qGC- 2b was the same as qGC-2 reported by He et al. (1999) . The obvious discrepancy between these results may be attributed to differences in the genetic materials used and experimental locations. The results in this paper were obtained from a cross in which the parents did not show any differences for GC. However, it is worth noting that the QTL, qGC-6a, was tightly linked to qASS-6a, the major marker for ASS, implying that GC could be modified by ASS. Several factors influence the accuracy of QTL mapping. Population size and statistical threshold in this study should be especially stressed, as they may have influenced the results. We used a relatively small population size for QTL mapping, resulting in a low power of QTL mapping due to sampling effects. In previous reports, most of the thresholds employed in published QTL analyses of rice ranged between LOD 2.0 and 3.0 (Yano and Sasaki 1997) . A low threshold was chosen in this study in order to detect all possible putative QTLs. The QTLs with a LOD score of 2.0 -3.0 might be "ghosts"; confirmation of these putative QTLs, especially for AC and GC will be examined in for future studies.
Since each line in the BIL population headed at different times due to differences in the weather conditions in the two years, it is necessary to reveal the correlation between the average temperature during grain filling and the physicochemical properties of rice grains in the BILs. Table 3 indicates that no significant correlations were recognized between AC and the average temperature during the 30-day period after heading, while the correlation between ASS, GC and the average temperature reached values of 5 % or 1 % significance levels in the two years. It is now widely recognizes that AC is affected by the temperature during grain filling. The lack of correlation between the average temperature and AC in this study was probably due to the fact that the BILs included lines with the Wx a and Wx b alleles which displayed different responses to the temperature during grain filling. The QTL mapping results showed that QTL detections for AC, ASS and GC were significantly affected by different environments in the two years. Out of 12 QTLs identified for the three traits, only 4 QTLs were significant in both years. Two of 4 QTLs for AC and two of 3 QTLs for ASS were significant in both years, while all five QTLs for GC were significant only in one year, indicating that QTL and environment interactions for AC, ASS and GC were trait-dependent, which was in agreement with the results of QTL identification for rice agronomic traits (Lu et al. 1997) . These results suggested that attention should be paid to QTL-environment interactions when marker-assisted selection is implemented for rice grain quality improvement.
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